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ABSTRACT. Measurements of cloud drop size spectra on non-precipitating cumulus clouds, 1-2 km thick,
were made at different levels over the Arabian Sea (maritime) and over Pune (inland) region during the end of
the summer monsoon seasons of 1973, 1974 and 1979,

The maximum size of cloud drops for the Arabian Seca generally increased with height, while that for Pune
did not show a systematic change with height. At both the locations, the total concentration of drops decreased
with height. The maritime distributions were bimodal at all levels while those over Pune were usually unimodal.
The average values of liquid water content, mean volume diameter, dispersion and concentration of drops with
diameter =~ 50 xm were a little greater and total concentration a little smaller over the maritime region as com-
pared to those over inland. The concentrations of drops with diameter <14 um and those >78 um and the
maximum size were greater over Pune than over the sea. The variations in cloud drop spectra and the cloud
physical parameters over both the locations are discussed.

Key words — Cloud drop size spectra, Drop concentration, Mean volume diameter, Liquid water content,

Dispersion, Bimodal & Unimodal distribution.

1. Introduction

A knowledge of cloud drop size distribution is useful
for the study of cloud physics, cloud development and
rain formation. Continental clouds have a narrow spec-
trum and high droplet concentration while maritime
clouds have a broad spectrum and low droplet concen-
tration (Squires 1958, Durbin 1959, Jonas and Mason
1974). The cloud droplet spectra in marine cumulus
clouds are often bimodal (Durbin 1959, Warner 1969).
Usually. a decrease in droplet concentration (Squires
1958, Silvermann and Glass 1973) and an increase in
mean volume diameter (Durbin 1959) were reported. An
increase in liquid water content, falling towards the
cloud top, with height above cloud base in cumulus
clouds, were observed (Warner 1955, Silvermann and
Glass 1973). The authors present a comparative study
of drop size distributions over maritime and inland re-
gions.

2. Measurements

Measurements of drop size spectra were made on
non-precipitating cumulus clouds, 1-2 km thick, from
a DC-3 aircraft at different levels over the Arabian Sea,
about 50 km upwind of Bombay (18°51’'N, 72° 49'E,
11 m msl) and near Pune (18° 32'N,73° 5I'E, 559 m
msl) during the end of the summer monsoon seasons
of 1973, 1974 and 1979. The observations were made
on 13 days over the Arabian Sea and on 16 days over
Pune. The number of individual clouds sampled was
about twenty at each location. The total number
of cloud samples. for which a comparison was made,
was 49 over the sea and 50 over Pune. These samples
were collected during the course of warm cloud seeding
experiments and, as such, limited samples and only
average distributions could be obtained at different
levels in the absence of single-day vertical profile ob-
servations. The experimental area near Pune is about
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Fig. 1. Cloud drop size spectra over the Arabian Sea at various
Jevels above the sea surface. The ordinate is shifted
by one decade for each successive height

150 km inland of Bombay coastand is situated on the
lee side of the Western Ghats. The airmass over the
Arabian Sea is purely maritime and that over the Pune
region is modified maritime. Over both the locations,
winds are mostly westerly to southwesterly in the lower
troposphere. Over Pune, the cloud-base height was
about 800 to 1100 m (msl), while that over the sea it
was usually 300 to 600 m above the sea surface. Micro-
physical parameters such as maximum size, total cloud
drop concentration (N7), concentration of drops with
diameter greater than 50 pm (N;), liquid water content
(LWC), mean volume diameter (MVD) and dispersion
of drops were computed. The results in each re-
gion are compared. Here, the term ‘maximum size’ means
the maximum drop diameter in each average spectrum
at a given level. Also, the term ‘dispersion’ is defined as
the standard deviation of the drop size distribution
divided by the arithmetic mean of the same distribution.

A mechanical semi-automatic cloud drop sampler
(Srivastava and Kapoor 1960) containing magnesium
oxide coated glass slides of size 3.5 cm < 0.6 cm was
used. Each slide was exposed for 14.8 milliseconds in
the cloud at an impact speed of 54 m sec—1. The craters
were measured using an optical microscope with mag-
nification of 200 X. The exposure was made from a posi-
tion located about 50 cm away from the aircraft. The
volume of cloud sampled during each exposure was
about 270 cm®. True drop diameters were obtained
from calibrations made earlier of the ratio of droplet to
crater diameter, for a range of cloud drops. For this
purpose, cloud drops were collected simultaneously on
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Fig. 2. Cloud drop size spectra over Pune at various levels
above mean sea level. The ordinate is shifted by one
decade for each successive height

glass slides with half their area coated with a thin layer
(15-20 pm thick) of magnesium oxide and the other
half with a very thin film of silicone oil (serving as
control). The oil used was ofa quality that water did
not diffuse into it and so there was no reduction in the
size of the cloud droplets. The layer of oil was so thin
that the droplets remained on its surface and did not
spread. The drops so collected were analysed by an
optical microscope and thespectra evaluated. The period
between the sampling and analysis varied from 30 minu-
tes to | hour. The craters (in the oxide film) with mean
diameters of 11.5, 34.5, 58.5, 84.8, 112.9, 149.1 and
241.2 pm correspond to cloud drops (in the oil film) of
mean diameters 5.7, 16.1, 25.7, 35.2, 44.8, 57.4 and
90.9 pm respectively. Corrections for the collection
efficiencies of different drop diameters were made accord-
ing to the theory of Langmuir and Blodgett (1946).
The collection efficiencies were 439, 73%, 859%, 939,
989, and 100%, for cloud drops of diameters 4 pm, 7
pm, 10 pm, 14 pm, 18 pm and 18 pm respectivelv ata
true air speed of 54 m sec™.

3. Results and discussion

In this paper, cloud drop diameters are used and the
heights are referred to msl. The mean cloud drop size
spectra at different levels over the Arabian Sea and over
the Pune region are presented in Figs. 1 and 2 respective-
ly. The values of the cloud physical parameters are
tabulated in Tables 1 and 2. The standard deviations are
also shown in the figures and in the tables.
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TABLE 1

Microphysical parameters for the clouds over the Arabian Sea

Height
(above No. of LWC Nr NL MVD DISP Mode
sea samples = -
surface) fem™) (ecm™) (em™) (um) (pm pm™)
(m)
640 5 112 212 .025 9.6 .51 B
(.0895) (146) (.049) (1.5) (.11)
870 12 1585 186 211 11.2 .59 B
(.1072) (83) (.260) (1.9 (.13)
980 8 L1721 181 .193 11.2 .58 B
(.1192) (52) (.164) (2.6) .17)
1140 10 L1017 134 012 10.3 83 B
(.0782) (58) (.037) 2.3) (.18)
1420 7 1217 98 .151 11.8 - 7 B
(.0973) (43) (.282) (3.9) (.16)
1930 7 .2338 162 .357 13.0 .64 B
(.2150) ©@1) (498) (3.3) (.14)
overall
39 . 1498 161 .161 11.2 .57 B
(.1304) (88) (.284) (2.8) (.15)

LWC — Liquid water content, N7 — Total concentration of cloud drops,

N — Concentration of drops with diameter greater than 50 pm,

MVD — Mean volume diameter of drops, DISP — Dispersion, U — Unimodal,

B — Bimodal

Volume of cloud air sampled for each sample = 270 cm?®

Standard deviations are in brackets.

In Figs. 1, 2 and 3, the ordinate represents cloud
drop number concentration per unit volume of cloud
air per unit size interval. Further, in Figs. 1 and 2, the
spectra for various heights have been displaced along
the ordinate by one order, the displacement in the drop
concentration being 10 times for each successive height.

3.1. Variation with height over the Arabian Sea- Range
of height : 640-1930 m above the sea surface

The maximum size of the spectra ranged from 62 to
87 um. The spectra broadened with height from 640 to
980 m, then narrowed up to 1420 mand then broadened
again. The distributions were bimodal at all the levels,

primary and secondary peak concentrations bein

at 7and 30 pm, 7 and 62 pm, 7 and 48 pum, 7 and 45 um,
7 and 30 pm, and 7and 56 pm respectively at the res-
pective increasing levels. The bimodal distribution
suggests growth of some drops by coalescence. The said
drop grew by collision coalescence of smaller drops to the
size having the secondary peak concentration. Ny
gradually decreased with height from 640 to 1420 m
and increased at the highest level. It was maximum af
the lowest level. The variation of N, with height was
irregular. It was maximum at the highest level and a
minimum at 1140 m. The values of LWC, MVD and
dispersion increased with height from 640 to 980 m,
decreased at 1140 m and then increased again, They
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Fig. 3. Cloud drop size spectra over the Arabian Sea and Pune
{Poona) for all the levels taken together

were maximum at the highest level. The values of MVD
(mean 11.5 um) at higher levels, 1140 m and upwards.
were greater than those (mean 10,9 pmjat the lower
levels (not statistically significant). The increase of the
dispersion with height above cloud base is partly a
reflection of the increase in frequency of bimodal dis-
tributions with height (Warner 1969).

of height : 1440-2610 m above the mean sea level

The maximum size ol the spectra ranged from 33 to
94 um. The spectra narrowed sharply at 1630 m with
respect to the lowest level, broadened at 1880 m and then
narrowed again. The distributions were bimodal at
1880 m and 2240 m, primary and secondary peaks being
at7and 51 gmand at 7 and 48 um at the respective levels.
The distributions were unimodal at all other levels. N;
reduced sharply at 1630 m and 1880 m as compared to the
lowermost level and thereafter increased falling a Little
at the top level. It was maximum at the lowest level.
The variation of N, with height was irregular. It was
maximum at 2240 m and minimum at 1630 m. LWC
decreased at 1630 m with respect to the lowest level
and thereafter gradually increased, falling again at the
highest level. MVD increased with height from 1440 m
to 1880 m beyond which its variation was irregular,
The values of MVD (mean 10.7 pm) at 2020 m and
higher were slightly greater than those (mean 10.4 pm)
at lower levels (not statistically significant). Dispzrsion
decreased a little at 1630 m with respect to the lowest
level, increased sharply at 1880 m, then reduced and re-
mained nearly constant.

¢ 3.3, Entrainment

At 1630 m, over Pune, the values of maximum size
Np, LWC, Ny dispersion and concentration ol 4 pm
size drops were minimum out of all the levels. Similarly.
at 1140 m and 1420 m, over the sea, the values of total
drop concentrations, LWC, MVD and dispersion were
lower with respect to the adjacent levels (980 m and
1930 m). The clouds might have been rising into rela-
tively dry alr above the boundary layer and thus they

3.2. Variation with height over the Pune region-Range
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Fig. 4. Locations of the industrinl und the experimental areas
near Pune (Poona)

would have entrained dry air fromthe top and the sides.
The mixing process might well evaporate some droplets
more than others and a modified droplet spectrum would
result (Telford er al. 1984). Further, the reductions in
N;. LWC, MVD. maximum size and concentrations of
drops with diameters between 7 um and 24 um and above
42 pm at the highest level (2610 m)with respect to the
adjacent lower level (2240 m), over Pune, suggest mixing
of dry air from above the cloud top. The greater part of
the dry air entrained into clouds enters the clouds
from the dry air above the top (La Montagne and Tel-
ford 1983). It is the mixing at the growing cumulus
cloud top as it builds that determines the shape of the
droplet spectrum (Warner 1969). However, this dis-
cussion on entrainment is not very conclusive due to
lack of sufficient data at adjacent layersand at the top
ol the clouds

3.4, Comparison of average spectra of the two regions

The average spectra for the two places for all the levels
taken together are shown in Fig. 3. The values of the
average cloud physical parameters are given in Tables
I and 2.

The average values of Ny, LWC, MVD and dispersion
were slightly greater in the maritime clouds than those
in the inland clouds. These differences were notstatisti-
cally significant in the cases of Ny and LWC, nearly
sienficant at 7.8% level for MVD and significant at
1.2°, level for dispersion using the Wilcoxon-Mann-
Whitney test. The maximum size (87 pum) over the sea
was a little smaller than that (94 pm) over Pune. The
average distribution over the sea was bimodal (primary
and seecondary peaks at 7 gm and 78 pm respeclively')
while it was unimodal over Pune (peak at 7 um). Ave-
rag: total concentration of drops over the sea was less
than that over Pune significant at 5.6 “, level. The
mean concentrations of cloud drops of all sizes between
14 um and 36 pm, ie., middle size drops (10.6 cm™3,
SD 12.0 em™) for the maritime region were greater
than those (7.9 ¢m™3, SD 9,9 ¢cm™@) for the inland
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TABLE 2

Microphysical parameters for the clouds over Pune (Details same as in Table 1)

Height No. of LWC NT NL MVD DISP Mode
(above mean  samples B .
sea level) (gm™) (em™)  (em™) (um)  (um pm™")
(m)
1440 7 0962 284 0,44 8.5 .42 B
(.0905)  (225) (.108) (1.8) (.15)
1630 10 .0617 138 0.0 9.7 <39 U
(.0458) (80) — (3.0) (.13)
1880 8 1599 138 .223 13.2 .64 U
(.0943) (69) (.187) 3.2) (.13)
2020 10 1747 223 .207 10.5 .54 U
(.1980)  (140) (.273) (3.3) (.14)
2240 11 1752 243 .266 1.1 .54 B
(.0697)  (86) 177 (1.0) (.09)
2610 B .1365 236 123 10.4 i35 U
(.0610)  (105) (.151) 0.3) (.09)
Overall
50 .1358 206 152 10.6 .51 u
(.1194)  (136) (.204) 2.9 (.15

Volums of cloud air sampled for each sample = 270 cm?, Standard deviations are in brackets

region, being nearly significant at 9.5 % level. The mean
concentrations of both drops with diameters less than
14 pm (138 cm™®, SD 72 cm™3) and drops of size
greater than 78 pm (0.0013 c¢m™3, SD 0.0061 cm™) over
the sea were smaller than those over Pune (185 cm—2,
SD 127 cm™® and 0.0074 cm™3, SD 0.0170 cm—3
respectively). The differences were significant at 329
level and 8.49% level respectively. The higher concen-
tration of smaller size cloud drops over the inland region
might be due to the presence of smaller size CCN
particles (radius<1 pm) released into the atmosphere by
combustion of wood and other fuels and by the smokes
emanating from various factories. According to Hobbs
and Radke (1970), the emission from chemical pulp
and paper mills comprise of hygroscopic particles like
Na, SO,, NH; HSO;, H,S0, etc as well as free S0O,, and
this emission and that from burning of wood waste
are in the form of CCN particles with diameter from
sub-micron to a few hundred microns. The higher con-

centration of largest size cloud drops (size greater than
78 um) in the clouds over the Pune region might be due
to the presence in air of some ‘larger giant’ CCN par-
ticles (radius muchgreater than 1 xm) derived from the
effluents of mills near Pune. These particles in the modi-
fied maritime air grew by condensation/coalescence to
drops bigger in size than the cloud drops in the purely
maritime air. In this context, it may be noted that the
experimental sites near Pune liec downward of an in-
dustrial complex belt containing paper mills, medicinal
and chemical factories etc. Clouds that form in the
effluent of a paper mill have a much broader spectrum
of droplet sizes than those form in the unpolluted air
(Eagan eral. 1974). The locations of the industrial and
the experimental areas near Puneare shown in Fig. 4.

On an average, during the days of measurements, in
the experimental area near Pune, the winds both at 0530
and 1730 IST were westerly at surface to 1.5 km (above
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surface) and southwesterly at 2.1 and 3.1 km. The
average wind speeds at 0530 IST were 2.6, 7.2, 8.8,
7.3 and 5.1 m/s at surface, 0.9, 1.5, 2.1 and 3.1 km
(above surface) respectively. Those at 1730 IST were
3.7,7.8,8.3,6.4and 5.1 m/s. Under the effect of the
wind shears the effluents from the factories are dispersed
properly and gradually mix up with the clouds in the
experimental region, lying downwind

4. Conclusion

The maximum size of the cloud droplet spectra in-
creased with height for the Arabian Sea while those for
Pune did not show a systematic change with height.
However, the highest values of maximum size on both
the locations, were observed midway between cloud top
and cloud base. While comparing the two regions it may
be noted here that the ‘maximum size’ depends upon the
size of the samples. The drop size distributions over the
sea were bimodal at all the levels while those over Pune
were unimodal at most of the levels. Over the sea.
total concentration of drops (Ny) decreased with height
at all levels except at the highest level where it increased.
Over Pune, the values of N decreased above the lower-
most level and increased withaltitude thereafter falling
a little at the top level. ANy was highest at the lowest
level at both the places. In both the locations, variation
of Ny was irregular but its magnitude peaked near the
top level. LWC, MVD and dispersion increased with
height, in general, over the sea while their variations
were irregular over Pune. The values of MVD at higher
levels were greater and slightly greater than those at
lowest levels over the maritime and inland locations
respectively. Considering the over all spectra, the average
values of Ny , LWC, MVD and dispersion were a little
greater and total concentration smaller over the mari-
time than those over the inland region. The maxi-
mum size, concentration of drops of size less than 14 um
and concentration of drops of size greater than 78 um
were greater over Pune (modified maritime) than over
the sea (maritime). Over both the locations, the cloud
drops had tendency to grow in size with height, and
this feature was more apparent for the maritime clouds
than for the inland clouds.
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